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I. INTRODUCTION
Planar photonic crystal (PhC) of InP-based semiconductor has been an attractive solution to light sources for on-chip optical communications [1] [2] [3] [4] due to its innovative properties, such as photonic band gap (PBG), high Q cavity with a small mode volume, and slow light effect. For planar PhC, lightwave is confined by the combining mechanism of in-plane PBG and vertical total internal reflection. 5, 6 Thus, planar PhC with InGaAsP active layer sandwiched between InP claddings are either membrane-type structure with high index-contract suspend membrane or substrate-type structure with low index-contract thick heterostructure. 7, 8 The membrane-type PhC can be fabricated by just etching a few hundred nanometres of slabs and a post-wet etching, but it is rather fragile and suffers from bad heat dissipation. Especially, the electrical injection of suspend membrane remains a challenge, and only a few works are realized by lateral PN injection until recently. 9, 10 On the contrary, the substrate structure can maturely form a vertical PN junction during the epitaxial process and offers a much stronger mechanical strength as well as a better heat dissipation. Therefore, substrate-type PhC is well suitable for high performance electrically pumped light source. However, due to the low index-contract, the confined mode in InP/InGaAsP/InP heterostructure extends larger than 2 μm. 11 In order to reduce the out-of-plane leakage, InP based micro-/nanostructures must be etched deeply, namely high-aspect-ratio etching technology is essential. [12] [13] [14] Obviously, for deep etching, the smaller the openings size is, the more difficult the reaction species escape from the holes, accordingly bringing out a much bigger challenge. What is more, this challenge has be stressed by an emerging interests on slot waveguides 15 with fascinating applications on quantum electrodynamics(QED), 16 and enhancement of light-matter interaction, 21 since such slotted structures confines and guides light in low-index slot region with nanoscale dimension so that ultra-small mode volume can be achieved. 22 In these regards, for hole diameter in the range of 300∼500 nm, etch depths up to 4∼5 μm have been achieved by chemically assisted ion beam etching (CAIBE) 23, 24 or by inductively coupled plasma reactive ion etching (ICP-RIE). 12, 25 While, for holes with diameter around 200nm, reported etch depths are mainly about 3 μm. 11, 12, 24, 25 To date, the best-reported result for InPbased PhC etching is attained by CAIBE technology, which etch depth (aspect-ratio) of 5.3 μm (21) and 3.5 μm (38) for holes with diameter of 250 nm and slots of 90 nm was achieved, respectively. 14 However, compared with CAIBE technology, ICP-RIE is a more versatile etching technique for large scale integration because of a high-density plasma generation and a separate control of ion flux and ion energy, which enables high-aspect-ratio etching in a much shorter time. Therefore, ICP deep etching for small feature size patterns in InP-based material should be further developed.
In this paper, high-aspect-ratio ICP etching of double-slot photonic crystal waveguide (PCW) in InP-based material is demonstrated by exploiting an ultra-low process pressure. Here the doubleslot PCW defined in our previous work 26, 27 is formed by introducing two slots into a W3 PCW for improving the mode characteristics and taking shape the confinement structure of lateral current diffusion. Since the probability of the species escaping from the holes and slots can be enhanced at low pressure, etch depth larger than 3.5 μm and 1.8 μm for the holes with diameter of 200 nm and the slots of only ∼40 nm are achieved at an ultra-low pressure of 0.05 Pa, respectively. This experimental result indicates that record-high aspect-ratio of 45 for slots narrow to ∼40 nm is achieved. Moreover, etching quality is evaluated by measuring the transmission performance and the micro-photoluminescence (μ-PL) of the etched W3 PCWs. Transmission dip about 17 dB is obtained by the PCW with length of only ∼17 μm. In addition, μ-PL linewidth is only 19nm larger than that of the corresponding wafer. These promising experimental results evidence the high etching quality in this work and confirm the feasibility of etching small-feature-size patterns by ICP technology for InP based devices in future mono-/hetero-integrated photonic circuits.
This article is structured as follows. We first discuss the fabrication results: experimental conditions and fabrication process are addressed at the beginning, and then the impact of the process pressure and the selectivity versus the SiO 2 mask are illustrated. After that, we evaluate the etching quality based on both the transmission performance and the μ-PL linewidth of the etched W3 PCWs.
II. FABRICATION RESULTS

A. Experimental conditions and fabrication process
The structure studied in this work involves two types of PCWs. One is the typical W3 PCW, which is a line-defect PCW with three rows of holes missing. The other one is the double-slot PCW 26, 27 formed by introducing two slots into the W3 PCW. Here, the W3 PCW is used for evaluating the etching quality as the approach proposed in Ref. .28 While, etching performance for both holes and slots is investigated via the double-slot PCW.
The fabrication process requires several steps: First, PCW patterns were defined by electron beam-lithography using ZEP-520A as the resist mask and then transferred into a 300-nm-thick SiO 2 hard mask by ICP etching using CHF 3 and Ar mixture. After forming the mask, InP-based PCWs are fabricated by ICP etching with Cl 2 and SiCl 4 mixture. At last, the SiO 2 mask was removed from the wafer after InP etching to analyze the etching profiles by the scanning electron microscope (SEM).
The parameters used in the ICP etching are summarized in Table I . The etching conditions are set to accelerate the desorption of reaction products due to the features of InP etching using Cl 2 and its family. As the main reaction products are PCl 3 and InCl 3 , however, InCl 3 is not easy to be volatile owing to its very low vapour pressure. 29, 30 The residual InCl 3 will redeposit and in turn stop further reaction especially for the case of etching small features, since the reaction species also face the difficulty of escaping from the small opening with reduced solid angle of the escape cone. 31 Thus, enhancing the desorption of InCl 3 is crucial for high-aspect-ratio etching of ultra-small patterns in InP. Based on this principle, we choose SiCl 4 together with Cl 2 in our process which can take advantage of the heavy ionic SiCl 4 particles by bombarding the reaction particles efficiently 32 and heat the surface by cracking it. Besides this, we also heat the wafer to a temperature of 230 • C to strengthen desorption of the reaction products.
B. Impact of the process pressure
As is known, for deep etching of small features, the main difficulty is that the reaction species are hard to escape from the small openings without collision. Another severe issue for InP ething using Cl 2 is the low vapour pressure of InCl 3 as described above. Thus, if the pressure is decreasing, the mean free path of the species will be larger so that the collision probability will be greatly reduced. Moreover, the low pressure is also beneficial for desorption of InCl 3 . Based on these insights, we investigate the impact of the process pressure on the etching results. Figure 1 presents the etching results of InP bulk material under different pressures while the ICP power is fixed at 280W and other parameters are consist with the values given in Table I . The hole diameter and slot width of the etched double-slot PCW with lattice period of 400nm is ∼200 nm and ∼50 nm, respectively. It can be seen that while the pressure, P, decreases form 0.15 Pa to 0.05 Pa, the etch depth notably increases as expected. This clear increase in etch depth confirms the effectiveness of using low pressure for small feature size etching in InP. We believe that this approach could pave the wave for the deep etching technique of ultimate feature size patterns.
Then, etching using ultra-low pressure of 0.05 Pa is applied to the fabrication of double-slot PCW and slots with different widths in InP/InGaAsP/InP heterostructure. Figure 2 shows the SEM cut view of the etched sample. The used etching parameters are given in Table I . For our sample, the heterostructure consists of an InGaAsP active layer embedded in InP wafer. Here, multi-quantum wells (MQWs) sandwiched between two 100 nm-thick InGaAsP claddings compose the highlighted active region in Fig. 2 .
As can be seen from Fig. 2 , PhC holes with diameter of 200nm are etched to depth of ∼3.5 μm. While for the slots with width in range of 40∼430 nm, etch depth larger than 1.8 μm is obtained. Here the slot width is measured along the upper boundary of the active layer to avoid the slightly broadening at the top openings transferred from the distortion of mask erosion during etching. 12 It should be mentioned that using SEM, a slot width can only be measured with an accuracy of about ±5 nm. Moreover, etch depth decreases while the slot becomes narrower. This feature-size dependent effect has also been found in Ref. 24 . Despite this, the slot narrow to ∼40 nm is still etched to ∼1.8 μm due to using the low pressure of 0.05 Pa. Thus, aspect-ratio as high as 45 is achieved for the ultra-narrow slot, corresponding a best-reported result up to now for InP etching. This promising result also confirms the feasibility of etching small-feature-size patterns by ICP technology for InP based devices. In addition, high quality and high-aspect-ratio etching of such narrow slot is significant not only for breaking through the limit of the etching technology, but also for future on-chip photonic circuits with ultrahigh integration density. Table I .
C. Selectivity versus the SiO 2 mask
Besides the etch profile, another concerned figure of merit for ICP etching is the selectivity versus the mask. The selectivity for our etching process (InP etch rate/SiO 2 mask etch rate) is investigated based on two samples, which are etched for 3 minutes and 4 minutes with the same etching condition (given in Table I ). The corresponding results with remaining SiO 2 mask are presented in Fig. 3 . By measuring the remaining thickness of the SiO 2 mask, etch rate of ∼53 nm/min for the SiO 2 mask can be deduced. Taking the etch depth of InP in to account, the etch rate for InP is about 669∼788 nm/min. Noticeably, such etch rate for the InP based holes with diameter about ∼200 nm is much larger than that achieved by CAIBE, 24 which shows the competitive advantage of ICP technology compared with CAIBE. Finally, based on the ratio of InP etch rate to the SiO 2 mask etch rate, the selectivity is about 14 ± 1 for our etching condition, which is favourable for the deep etching technology. Table I . 
III. EVALUATION OF ETCHING QUALITY
A. Transmission performance of the etched W3 PCW
To evaluate the etching quality, measuring the fabricated device performance is obviously a straightforward method. In this work, transmission dip of W3 PCW is measured and used for determine the etching quality. Here, we fabricate W3 PCW with a fixed r/a = 0.345 (r and a denotes the radius of the PhC holes and the lattice period, respectively.) and two different lattice periods: a = 412 nm and a = 425 nm, so that the structure-dependent transmission-dip as a clear evidence for the feature of PCW can be predicted.
The band structure and transmission spectra of the W3 PCW are provided in Fig. 4 , which are calculated by two dimensional (2D) plane wave expansion (PWE) method and 2D finite-difference time-domain (FDTD) method, respectively. The effective refractive index is set as n eff = 3.17 and r/a consists with the fabrication samples. Due to the unique guiding mechanism of PBG effect, PCW offers the possibility to guide light in the line defect waveguide and Bragg couplings between the defect modes. 33 It can be seen from Fig. 4(a) that there is mode coupling between the fundamental mode (#0) and the higher order mode (#4), so that in the frequency range of the fundamental mode, mini-gaps so-called mini-stopbands (MSB) 34, 35 appear.
Mode coupling between the defect modes could transfer the energy from the fundamental guided mode to the high-order modes which propagate backward with large losses. Therefore, transmissiondip can be observed in the transmission spectra in Fig. 4(b) . Here, the transmission-dip is simulated under the two fabricated lattice constants. As seen, transmission-dip shows a red-shift of ∼40 nm while the lattice constant increases from 412 nm to 425 nm.
The transmission spectra of W3 PCWs in InP heterostructure with 1.3μm-MQWs are measured with an auto-coupling alignment system and shown in Fig. 5 . The shape and position of the transmission-dips are in good agreement with the theoretical predictions shown in Fig. 4(b) , except the transmission drop in the highlighted region, where 1.3 μm-MQWs exhibit strong nonlinear absorption response to optical power. In addition, transmission-dip about 17 dB is obtained in the fabricated PCW, while the length is only about 17 μm (L = 40a). This transmission performance of good structure-dependent transmission-dip and large transmission extinction with a short PCW length clearly demonstrate the high etching quality of our process.
B. Measurement of micro-photoluminescence (μ-PL)
As known, poor surface states control by induced damages during etching will result in a wide photoluminescence (PL) spectrum, typically much wider than for the corresponding active materials, and thus poor light emission efficiency. 36 Therefore, to further determine the fabrication quality for active devices, μ-PL measurements of the etched W3 PCWs are performed at room temperature. Figure 6 shows the normalized PL for the InP heterostructure wafer and the two samples of the etched FIG. 6. Micro-photoluminescence (μ-PL) spectra for the InP heterostructure wafer with 1.3μm-MQWs and two samples of the fabricated W3 PCWs with etching condition given in Table I. W3 PCWs with lattice period of 412 nm and 425 nm. The PL peak of the wafer originating from the InGaAsP-MQWs was narrowest with full width at half maximum (FWHM) of 54 nm around 1.30 μm. Compared to that of the wafer, the increase of the PL linewidth for the etched samples is only 19 nm, which is smaller than the widening of 35 nm reported in Ref. 36 at the condition of no chemical post-treatment. With further post-treatments, 11, 36 we believe that superior surface quality could be produced by our etching process.
IV. CONCLUSIONS
For high-quality and high-aspect-ratio etching of ultra-small feature size patterns in InP material, we investigate the impact of process pressures on ICP etching profiles. We show that process pressures play a key role in deep etching for small features. In our case, due to using the low pressure of 0.05 Pa, etch depth up to 3.5 μm and 1.8 μm is achieved for the holes with diameter of 200 nm and slots of ∼40 nm, respectively. The latter corresponds to an aspect-ratio as high as 45, which is the best-reported result up to now for such ultra-narrow slots in InP heterostructure. Besides, the selectivity is about 14 for our etching condition, hence it is favourable for the deep etching technology. In addition, etching quality is evaluated based on the transmission performance and the linewidth of μ-PL. In our measurement, both the large transmission-dip (17 dB) from a 17-μm-long W3 PCW and the small PL widening (19 nm) compared to the wafer demonstrate the high etching quality of our process. These promising results pave the way for the ultra-compact InP based optical devices of electrically pumped for future mono-/hetero-integrated photonic circuits.
